Three-dimensional (3D) graphene materials (3DGMs) are of great importance due to their unique properties and practical applications. A number of 3DGMs with novel structures have been developed in recent years.
Introduction
Graphene, a two-dimensional (2D) carbon sheet, has been used as one kind of promising material.
1 Due to its special structure, graphene possesses a lot of unique properties in chemistry, physics and mechanics. [2] [3] [4] Graphene has a carrier mobility up to 10 000 cm 2 V À1 s À1 and a thermal conductivity of 3000-5000 W m À1 K À1 at room temperature, 1,5 a high surface area of $2630 m 2 g À1 , 6 good optical transparency of $97.3% (ref. 7 ) and excellent mechanical strength with a Young's modulus of 1.0 TPa. 8 Various synthetic methods of graphene including mechanical cleavage, 1 epitaxial growth, 9 graphitization, 10 exfoliation 11 and chemical vapor deposition (CVD) 12, 13 have been developed in the past few years, which have promoted the intensive study of graphene-based materials in numerous research areas, such as electronics, [14] [15] [16] [17] [18] [19] [20] [21] [22] energy storage applications, [23] [24] [25] [26] [27] [28] sensors [29] [30] [31] [32] [33] [34] [35] [36] and so on. Recently, three-dimensional (3D) graphene materials (3DGMs) have been attracting much attention, since they not only possess the intrinsic properties of 2D graphene sheets, but also provide advanced functions with improved performance in various applications. [37] [38] [39] [40] [41] [42] In particular, due to their unique mechanical characteristics, excellent electrical conductivity and large surface area, 3DGMs have emerged as promising candidates for supercapacitors. [43] [44] [45] Massive production of graphene sheets is of great importance for the fabrication of 3DGMs. The method involving preparation of graphene oxide (GO) followed by a reduction process is the most common way to obtain graphene materials. 11 Although the resultant reduced graphene oxide (rGO) sheets contain defects and exhibit low electrical conductivity, the advantages of high throughput and low cost of this method make GO and rGO favorable as building blocks for the fabrication of graphene-based materials.
3,46-55 Alternatively, the chemical vapor deposition (CVD) method is an effective way to produce graphene of a high quality, similar to that of pristine graphene. 12, 13 Recently, a 30 inch graphene lm has been prepared through the CVD method, indicating the potential of large-scale production of graphene through this method. 56 To date, a number of synthetic methods for 3DGMs, based on the strategies of either self-assembly, template-assisted preparation or direct deposition, have been developed in recent years. Numerous 3DGMs with various structures and unique functions have emerged. In this review, we mainly focus on the description of the structures of 3DGMs, and then introduce their preparation methods and properties. Moreover, the supercapacitor application of 3D graphene-based materials is also reviewed.
Preparation methods
In the past few years, tremendous efforts have been devoted to the development of synthetic methods for 3DGMs with various morphologies, structures and properties, in order to satisfy the requirements arising from different applications. In this section, the preparation methods are generally classied as selfassembly, template-assisted preparation and direct deposition.
Self-assembly
Self-assembly is one of the most commonly used strategies to obtain 3DGMs. A lot of methods based on this strategy have been developed. As a typical example, 3D graphene structures can be produced through the gelation process of GO dispersion followed by reduction to convert GO to rGO. 57 In a stable GO dispersion, there is a force balance between the van der Waals attractions from the basal planes of GO sheets and the electrostatic repulsions from the functional groups of GO sheets, which makes GO sheets well dispersed in an aqueous solvent. Gelation of the GO dispersion occurs once the force balance is broken. During the gelation process, GO sheets partially overlap to form GO hydrogels with 3D architectures. Aer further reduction of the GO hydrogels, 3D rGO networks are obtained. There are many ways to trigger the gelation of a GO dispersion, such as addition of cross-linkers, 58 changing the pH value of the GO dispersion, 57 or ultrasonication of the GO dispersion.
59
Polyvinyl alcohol (PVA) is a cross-linker rst reported by Shi et al., which can enhance the attraction of GO sheets and promote the gelation process of a GO dispersion. 58 Moreover, a lot of other materials have also been used as the cross-linkers for the self-assembly of GO sheets, such as DNA, 60 38, 89 have also been used as templates to produce 3DGMs. Compared to the conventional CVD process, which uses at metal substrates as templates and normally produces a limited amount of graphene, large-amounts of graphene materials can be achieved by using 3D templates. This greatly benets the applications that require a large quantity of graphene.
Alternatively, 3D graphene architectures can be obtained in another convenient way via the assembly of GO sheets onto 3D templates followed by the reduction of GO to rGO. Many assembly techniques have been developed, such as electrophoretic deposition, 90 dip-coating, 91 reuxing in an autoclave 92, 93 and templateassisted freeze-drying. 94 The templates used in these methods are not limited to metal substrates; non-metals including silica nanoparticles (NPs), [95] [96] [97] 
Direct deposition
As a straightforward strategy, the direct deposition of 3D graphene architectures on conductive substrates, e.g. Au and stainless steel, has been demonstrated by plasma-enhanced CVD (PECVD) methods. 42, [106] [107] [108] The graphene sheets were vertically grown on the substrate and connected with each other to form 3D porous graphene, which rmly adhered to the substrate. Importantly, the numerous active sites at the edges of the vertical graphene sheets make this 3D graphene suitable for sensing applications. For example, Chen et al. fabricated a biosensor, composed of graphene sheets vertically grown on a gold electrode and Au NP-antibody conjugates, that could provide a low detection limit of $2 ng mL À1 of immunoglobulin G. 42 In addition, the placement of 3DGMs can also be easily controlled by patterning the metal substrate with designed features, which might enable construction of various sensor structures for different applications. 
Structures
Beneting from the rapid development of preparation methods in previous years, a number of 3DGMs with different structures, morphologies and properties have been prepared. In addition, these 3DGMs have also shown promising applications in many areas. Table 1 summarizes the most typical structures of 3DGMs, along with their preparation methods, properties and applications.
3D graphene networks (3DGNs)
3DGNs, including graphene foams, 41, 96, 109 sponges, 102,110 hydrogels 111, 112 and aerogels, 66, 78, 94 are one of the most reported 3D graphene structures, which have shown promising properties for numerous applications. As an example, Yu et al. utilized commercially available polyurethane sponge (PU) as a template, and fabricated a 3D rGO-PU sponge based on a simple dipcoating method.
102 This rGO-PU sponge showed high sensitivity to the pressure applied on it, which was able to detect a minimum pressure of 9 Pa, making it promising as a exible and sensitive pressure sensor. As shown in Fig. 1a and b, the articial skin, which was made of a rGO-PU sponge covered by electrode arrays, was able to measure the spatial distribution of pressure applied on it. In addition, 3D rGO networks were also obtained by electrochemical methods, in which GO sheets were electrochemically reduced and then deposited on the electrodes.
70,113
Although many methods have been developed to prepare 3D rGO networks, the resultant materials normally were of low quality and exhibited poor electrical conductivity. Recently, other approaches, including the CVD method, have been reported for preparing high-quality 3DGNs. In a typical CVD process, graphene is deposited on the surface of metal substrates, e.g. commonly used Cu or Ni lms or foils, 12, 13 where the metal substrates serve as both catalysts and templates. Therefore, it is reasonable to think that 3D graphene architectures can be prepared in the CVD process by using pre-fabricated 3D metal substrates as templates. Since a 3D metal substrate has a larger surface area compared to a at metal substrate, a higher amount of graphene is expected for the same growth time. Recently, Ni foam with a pore size of several hundred micrometers, commonly used as the current collector in energy storage applications, has been successfully used as the template for preparation of 3DGNs through the CVD method.
37,40
The D-band, a characteristic peak of graphene related to the density of disordered carbon, 114 was negligible in the Raman spectra of 3DGNs, indicating the high quality of the obtained graphene lm. 37, 40 The surface area of 3DGNs is dependent on the layer number of the graphene lm, which is as high as $850 m 2 g À1 for 3DGNs composed of a 3-layer graphene lm. 37 Importantly, the 3DGNs have also exhibited unique properties in electrical conductivity, 37 mechanical strength 37, 115, 116 and thermal conductivity. 117 Our work also showed 3DGNs of $0.1 g per batch can be achieved in an atmospheric pressure CVD process using ethanol as the carbon source, 40 indicating the potential for massive production of CVD-synthesized, high-quality graphene material at low cost. Until now, a number of graphene composites based on 3DGNs have been also demonstrated, which were fabricated through various methods such as hydrothermal, Using Ni foam as a template in the CVD process is an effective way to produce 3DGMs with a controlled morphology. However, the obtained products possessed large pore sizes (hundreds of micrometers) with high porosity ($99.7%). 37 To further reduce the pore size and increase the yield of graphene, other templates have been explored. For example, by using commercially available Ni NPs below 30 mm in size as the template, 3DGNs were obtained. 82 During the annealing process at high temperature, Ni NPs were melted and agglomerated together to form a 3D Ni template. The yield of the obtained graphene was $2.5% of the weight of the Ni NPs used. Lee et al. further simplied the CVD process for synthesis of 3DGNs by annealing a mixture of Ni powder and poly(methyl methacrylate) (PMMA) at low pressure. 133 PMMA has already been demonstrated as an effective solid carbon source for the preparation of graphene on at metal substrates. 134 Compared to common gaseous carbon sources, e.g. CH 4 , the use of PMMA makes the CVD process cheaper and safer. In addition, the instrument setup is also simplied due to removal of the corresponding gas lines and accessories of the CVD system. The yield of graphene in Lee et al.'s work was 0.5 g if 20 g Ni powder was used.
Recently, a nickel salt (NiCl 2 $6H 2 O) was also used as both the catalyst precursor and template for 3DGNs. 38 During the annealing of NiCl 2 $6H 2 O under a mixture of H 2 -Ar gas at 600 C, a mixture of gas containing water vapor and hydrogen chloride (product of the reaction between NiCl 2 and H 2 ) was rapidly released, resulting in the formation of a 3D Ni skeleton. Aer the subsequent CVD process operated at 1000 C followed by etching of Ni, a 3D graphene macroscopic object (3D-GMO) was obtained (Fig. 1c ). As shown in Fig. 1c and d, the pore size of the 3D-GMO (several micrometers) was much smaller than that of the 3DGN obtained from Ni foam (several hundred micrometers). 38 The smaller pore size also resulted in a relatively higher density of 3D-GMO ranging from $22 to $100 mg cm À3 , compared with that of 3DGN ($1 mg cm À3 ). 38 Due to a high surface area ($560 m 2 g À1 ), the 3D-GMO showed excellent performance in the removal of heavy metal ions. Alternatively, 3DGNs can also be obtained by microwave irradiation of graphite powders, 135 or the direct graphitization process of some carbon-containing substances, such as resin 136 and sugar. 
3D porous graphene lms
Due to the p-p stacking interaction and van der Waals attraction among their basal planes, GO or rGO sheets tend to stack in a graphitic structure, leading to signicant loss of their surface area. The restacking and aggregation of GO or rGO sheets also hamper the large-scale usage and process of graphene materials in many applications, especially energy storage devices, 138 because it is difficult for electrolyte ions to access the interspace among the densely packed graphene sheets.
To solve this problem, fabrication of a 3D porous graphene lm by the incorporation of spacer materials between the graphene sheets is an effective way to retain the surface area of the graphene. The spacer materials can be carbon nanomaterials, [139] [140] [141] metal organic frameworks (MOF) 148 and so on. Moreover, water molecules were also reported by Li et al. as a spacer material for enlarged interspacing between stacked chemically converted graphene (CCG) sheets. 68 Although the obtained graphene lm contained over 92 wt% water, it still exhibited high electrical conductivity with a sheet resistivity of 1860 U sq À1 . This is because the CCG sheets in the wet lm still have a nearly faceto-face-stacked morphology, which ensures the effective electron transport paths presented in the graphene lm. Their recent work showed that non-volatile liquids can also act as spacer materials. 149 In their work, the wet CCG lm prepared by a ltration method was placed in a mixture containing volatile and non-volatile liquids, e.g. H 2 O-H 2 SO 4 . Aer the water in the CCG lm was completely exchanged by the mixture, the lm was placed in a vacuum oven to evaporate the volatile solvent, and the remaining non-volatile liquid prevented the restacking of the CCG sheets. The packing density of the CCG lm was also increased aer evaporation of the volatile liquid. Compared with the other porous graphene lms with a packing density of 0.05-0. 75 45 and chemical activation, [154] [155] [156] through treatments of GO/rGO lms have also been reported to fabricate 3D porous graphene lms. In a recent work, Chen et al. used a so-called "leavening" strategy, similar to the process of baking bread, to fabricate a porous rGO lm, in which the compacted GO lm acted as the "dough". 45 Aer the GO lm was rst prepared by ltration of a GO dispersion through an AAO membrane, it was peeled off from the AAO membrane and then placed in an autoclave with hydrazine at 90 C for 10 h. During this process, numerous pores were formed in the rGO lm, which was attributed to the rapid release of gaseous species, due to reduction of GO, from the compact lm. Because of its porous structure and the hydrophobic nature of rGO, the resultant rGO lm exhibited an improved absorption ability to organic solvents, such as motor oil and petroleum, compared with the compact rGO lm and graphite. 45 Recently, 3D porous graphene lms have also been fabricated using PS nanospheres, 100,157 silica particles, 95 or PMMA spheres 158 as templates. For example, the porous chemically modied graphene (CMG) lm with a uniform pore size of $2 mm was obtained by ltration of an aqueous mixture of PS nanospheres and CMG sheets followed by the removal of PS (Fig. 2) . 100 The resultant porous lm possessed a high electrical conductivity of 1204 S m À1 and a surface area of 194.2 m 2 g À1 , which was subsequently functionalized with MnO 2 and then used as a supercapacitor electrode.
Graphene bers
In previous years, carbon bers with high mechanical strength and electrical conductivity have been successfully fabricated by assembling carbon nanotubes (CNTs), which have shown great importance in industry and our daily life. [159] [160] [161] The mechanical, electrical and thermal properties of graphene are superior to that of other carbon materials, 1, 5, 8 suggesting that the fabrication of graphene-based carbon bers would provide more advantages in the practical applications of carbon ber materials. In comparison with conventional carbon bers, graphene bers (GFs) not only exhibit the ordinary features of carbon bers such as exibility and electrical conductivity, but also possess unique properties such as lightweight, facile functionalization and low cost. GFs also exhibited a much lower density ($0.23 g cm À3 ) compared with conventional carbon bers (>1.7 g cm À3 ) and metal wires ($20 g cm À3 ). 43 The diameter of GFs is normally in the micrometer range, while the length can be up to several tens of centimeters, which gives GFs a high aspect ratio (>10 000).
The current methods for the preparation of GFs are mainly based on the strategy of controlled assembly of GO sheets, 43, [162] [163] [164] [165] [166] [167] [168] [169] such as hydrothermal treatment of a GO dispersion in a conned container 165 and wet-spinning of a concentrated GO liquid crystal. 163 Recently, the Yu group developed a method via injection of a GO dispersion into cetyltrimethylammonium bromide (CTAB) solution, leading to the self-assembly of GO sheets into a ber-like structure. 164 The formation of GFs followed the "curliness-fold" formation mechanism, in which the positively-charged CTAB molecules played an essential role (Fig. 3a) . Aer the adsorption of CTAB molecules on the negatively-charged surface of GO sheet, the electrostatic repulsion among the GO sheets was reduced, leading to the curling and folding of the GO sheets. The GO bers were obtained aer continuous adsorption of CTAB molecules on the GO sheets and repeating the process of curling and folding of GO sheets. The resultant GFs had a long length of $1.6 m, and also possessed good mechanical strength ($182 MPa), high electronic conductivity ($35 S cm À1 ), and exibility.
Functionalizations of the GFs by polymers or CNTs were also achieved, which further enhanced the mechanical strength of the GFs and also extended the applications of GF-based materials. For example, the GF composited with poly(N-isopropylacrylamide) (PNIPAM) was used as a thermosensitive device.
164
Similar to the aforementioned Yu's method, 164 hollow GFs have been fabricated by Qu et al., in which a coaxial two-capillary spinneret was used to simultaneously inject the GO suspension and methanol into the coagulation bath. 168 The obtained GO hollow bers (GO-HFs) showed a pipe-like morphology with a large diameter of $700 mm (Fig. 3b and c) , and exhibited a tensile strength of $140 MPa. Aer reduction of the GO-HFs, the resultant rGO-HFs had an electrical conductivity of 8-10 S cm
À1
. It is worth mentioning that formation of the GO-HFs was very fast. It only took 30 s to produce 1 meter length GO-HFs. Interestingly, necklace-like bers were also obtained (Fig. 3d) , which may have a potential application in a micro pump.
168
A GF with a unique core-shell structure, in which the core was composed of porous graphene lm and the shell was made of densely stacked graphene sheets, was achieved by Gao et al.
166
To prepare this "porous core@dense shell" GF, GO liquid crystals were rstly owed through a capillary tube and injected into liquid nitrogen, then subjected to freeze-drying and reduction processes. Due to its unique structure, the GF not only exhibited high porosity with a specic surface area as high as 884 m 2 g À1 , but also possessed excellent electrical conductivity and mechanical strength. Attributed to its densely packed shell, the GF exhibited an electrical conductivity of 2.6 Â 10 3 S m À1 , which can be increased further to 4.9 Â 10 3 S m À1 aer an annealing treatment, which is much higher than that of graphene aerogels. 72, 73 The porous core of this GF also enabled the fabrication of GF-based composites, since the additives can be readily inltrated into the pores. GFs composited with a polymer, Ag and Pt nanocrystals have been demonstrated, which might be promising in catalysis and energy storage.
The preparation method of GFs is not limited to the assembly of GO sheets; GF can also be fabricated using CVDproduced graphene through a simple "drawing" method.
170
Aer etching of the metal template, the graphene lm was rst oated on the surface of a mixture of ethanol and water, and subsequently drawn out by tweezers. Aer evaporation of the solvents, GF with a porous structure was obtained. Beneting from the use of a high-quality graphene lm produced by the CVD method, this GF possessed a high electrical conductivity of $1000 S m À1 .
Graphene tubes
Materials with tube-like structures have exhibited great potential as vessels in applications such as separation, purication and uidics. 171, 172 Graphene tubes show a similar morphology to that of CNTs but possess a larger inner diameter. This makes functionalization of the inner wall of a graphene tube much easier. Moreover, the walls of graphene tubes are composed of stacked graphene layers, which endow the graphene tube with high electrical conductivity and excellent mechanical strength.
Templates are normally required to prepare graphene tubes. 83, 87, 109, 173 For example, Wang et al. used Ni nanowires with a diameter of $70 nm as both the catalyst and template for the synthesis of graphene tubes by the CVD method. 87 The Ni nanowires were prepared by electrodeposition of Ni into an anodic aluminum oxide (AAO) membrane followed by etching of the AAO. To prepare the graphene tubes, a CVD process was rst operated to deposit graphene on the surface of Ni nanowires. Graphene tubes were obtained aer etching of Ni by 1 mol L À1 FeCl 3 , and these tubes exhibited a similar diameter to that of Ni nanowires. Recently, graphene was also successfully grown on the inner walls of the pores of an AAO membrane in a CVD process. 83 The obtained graphene exhibited a tube-like structure with good thermal transport properties. In a recent work by Qu et al., graphene microtubings (mGTs) were fabricated based on the template of Cu wires through the hydrothermal method. 173 In this method, Cu wires were placed inside a glass pipeline followed by lling of the pipeline with a GO dispersion (Fig. 4a) . The GO sheets were aggregated and wrapped around the Cu wires aer the hydrothermal reduction. The mGTs were obtained aer removal of the Cu wires and pipeline. Interestingly, by choosing the glass pipeline and the Cu wire with the proper size and shape, it was possible to easily control the shape and diameter of the prepared mGTs. For instance, a mGT spring can be obtained by wrapping the wet mGT around a rod before drying (Fig. 4b) . Helical and multi-channel mGTs can also be readily fabricated by twisting two Cu wires and inserting several Cu wires together into the glass pipeline, respectively, prior to the hydrothermal treatment ( Fig. 4c and d) . The mGTs showed a tensile strength of up to 180 MPa, which is comparable to that of the solid GFs.
162, 163 Importantly, selective functionalization of the outer-wall and inner-wall of the mGTs could also be achieved, which made the mGTs suitable for a wide range of applications. As an example, the mGT decorated with Pt NPs on its inner wall was used as a self-powered micromotor, which might be useful in the application of drug delivery. 173 In addition to the aforementioned methods, a recent report showed that graphene tubes can also be obtained by partially unzipping the carbon nanober along its longitudinal axis. 
Graphene spheres
Graphene spheres (GSs), which normally possess a structure of hollow spheres with a shell of stacked graphene layers, have found promising applications in oil absorption, 98 supercapacitors, 39, 44 and lithium ion batteries.
175
GSs were mainly prepared based on spherical templates such as metal NPs. 88, 176 For example, Choi et al. reported the synthesis of hollow GSs via thermal annealing of triethylene glycol (TEG)-coated Ni NPs. 88 The synthesis of GSs involve three steps. First, the Ni NPs coated with TEG were annealed at 250 C to decompose the TEG molecules to carbon atoms. Then the Ni NPs were subjected to another annealing at 500 C under an argon atmosphere, which led to the transformation of these adsorbed carbon atoms to graphene layers. Aer removal of Ni by HCl, the GSs with a similar diameter to that of the Ni NP template were obtained without collapse of the structure. Using pre-synthesized Ni NPs and the relatively low-temperature annealing process at 500 C, it makes this synthetic process simple and scalable. In addition, it is cheaper and more convenient to use metal salts instead of metals as the templates for the synthesis of GSs. 44, 89 As an interesting example, a nano-frame graphene structure (3D-NFG) was obtained using NiCl 2 as a catalyst and polyvinyl alcohol (PVA) as a solid carbon source through a CVD process. 89 The prepared GSs were interconnected with few-layer graphene sheets, which exhibited a low sheet resistance of $700 U sq
À1
. The resultant 3D-NFG could be used as an alternative counter electrode of Pt for dye sensitized solar cells (DSSC). Recently, graphene nanoballs with meso-pores (MGBs) were achieved in a precursor-assisted CVD process using FeCl 3 and PS balls as the catalyst precursor and carbon source, respectively ( Fig. 5a-d) . 44 The obtained MGBs possessed a high specic surface area of 508 m 2 g À1 and average pore size of $4.27 nm. To prepare the MGBs, the PS balls were rst functionalized with -COOH and -SO 3 H groups to achieve a good dispersion of PS balls in FeCl 3 aqueous solution. Then the PS balls were annealed at 1000 C under a H 2 -Ar atmosphere.
During this process, 3D iron nanoframes were formed, arising from the aggregation of these iron ions adsorbed on the surface of PS balls. Meanwhile, PS balls were decomposed and served as a solid carbon source for the growth of graphene on 3D iron nanoframes. Aer removal of the iron by HCl, MGBs were obtained. In addition to the CVD methods, GSs have been also prepared by directly assembling GO sheets into spherical structures. 39, 98, [177] [178] [179] [180] [181] Through use of an aerosol-assisted capillary compression method, Huang's group fabricated a paper-balllike 3D graphene structure that was composed of crumpled rGO sheets. 177 To prepare it, a GO aqueous solution was rst sprayed into a tube furnace heated at 800 C with the carrying gas of N 2 (Fig. 5e) . During the rapid evaporation of the solvent of GO droplets, GO sheets were compressed and aggregated to form the 3D graphene structure with a morphology similar to that of crumpled paper balls (Fig. 5f ). In this process, the GO was simultaneously thermally reduced to rGO. Importantly, the GSs showed high compressive strength, which gave them an interesting aggregation-resistant property. As we know, at graphene sheets are easily stacked to form a graphitic structure, which makes dispersion of dried graphene materials extremely difficult. However, even aer the GSs were compressed at a high pressure of 2 GPa, they could still be redispersed in a solvent. Moreover, various GS-based composites, e.g. the crumpled graphene (CG) spheres composited with SnO 2 or Mn 3 O 4 ( Fig. 5g  and h ), have also been obtained by spraying the metals, metal oxides or their precursors together with the GO dispersion into a furnace, which extends the applications of GSs in supercapacitors and lithium-ion batteries.
39,175
Other types of 3D graphene structures
In addition to the aforementioned 3D structures, other types of graphene structures, such as onion rings, 182 honeycombs, 183, 184 scrolls, [185] [186] [187] [188] [189] [190] [191] nanosacks, 192, 193 and erythrocyte-like microspheres, 194 have also been reported, which exhibited their unique properties and applications.
For example, Tour et al. synthesized hexagonal graphene onion rings by a CVD method. 182 In this unique structure, a number of graphene nanoribbons were grown beneath a monolayer graphene sheet, and formed a nearly concentric onion ring-like structure (Fig. 6a and b) . Importantly, aer removing the top monolayer graphene sheet by argon plasma, graphene nanoribbons, a promising graphene material with a width-dependent band gap for electronics, 195 can be obtained. The resultant graphene nanoribbons exhibited high binding energy for lithium ions, and therefore have potential usage in lithium ion storage.
Honeycomb-like 3D graphene structures are mostly prepared by self-assembly of GO sheets, 184, 196, 197 which have been used in the applications of supercapacitors 197, 198 and dye-sensitized solar cells (DSSC). 183 As an interesting example, Li et al. used a freeze-casting method to fabricate a 3D graphene with a honeycomb-like structure, where ice crystals played the role of template.
184
The obtained honeycomb-like 3D graphene exhibited excellent mechanical strength and elasticity, which could sustain a compression strain of 80% and fully recover its original shape and size. This 3D graphene material also showed honeycomb-like graphene lm using a complex of dimethyldioctadecylammonium (DODA) and GO sheets ( Fig. 6c and  d) . 196 Recently, a honeycomb-like 3D graphene structure was also obtained from the reaction between Li 2 O powder and CO gas at 550 C under low pressure for 12-24 h. 183 The counter electrode made of this 3D graphene exhibited an energy conversion efficiency of up to 7.8% in a DSSC, which is comparable to that using a Pt electrode (8%).
Carbon nanoscrolls, a novel 3D graphene structure prepared by wrapping graphene sheets into a tubular shape, has been revealed as promising in energy storage 186, 188 and electronic devices. 185, 191 Recently, our group developed a scalable method to produce well-aligned GO scrolls on various substrates.
185
Aer the reduction process, the resultant rGO scrolls were used as a gas sensor, which exhibited a detection limit of 0.4 ppm towards NO 2 gas.
Supercapacitor application
Supercapacitors, promising electrochemical energy storage devices with the advantages of high power density and long cycle life, have been attracting researchers' increasing interests due to their potential applications ranging from portable electronics to electric vehicles. [199] [200] [201] [202] Based on the different charge storage mechanisms, supercapacitors can be divided into electric double-layer capacitors (EDLCs) and pesudocapacitors. The charge storage mechanism of EDLCs relies on the separation of charges at the interface of the electrolyte and electrode, while pesudocapacitors are operated following the mechanism of reversible redox reactions occurring at the surface or nearsurface areas of active materials. 199 Carbonaceous materials, such as activated carbons, carbon nanotubes and graphene, have been widely employed for the construction of supercapacitor electrodes, due to their low cost, electrical conductivity and high surface area. [203] [204] [205] [206] [207] [208] [209] [210] [211] Recently, 3D graphene-based materials have been proven as promising candidates for supercapacitors. 40, 155 The unique properties and porous structures of 3DGMs not only improve the accessibility of electrolyte to the surface of the electrode, but also provide electrically conductive channels for the active materials decorated on them, which enhance the performances of both EDLCs and pesudocapacitors. In this section, the supercapacitor applications of different types of 3D graphene structures and their composites are summarized. The exible supercapacitor, especially the ber-based supercapacitor, is also reviewed.
3DGMs with various structures, such as hydrogels, 155 The activated MEGO (a-MEGO) contained numerous small pores with sizes ranging from $1 to 10 nm, and also possessed a high electrical conductivity of $500 S m À1 . The supercapacitor delivered a specic capacitance of 150 F g À1 at a current density of 0.8 A g À1 with a small equivalent series resistance (ESR) of 4.6 ohms. Moreover, their subsequent work further demonstrated that the a-MEGO-based supercapacitor was capable of operation below room temperature (down to À50 C), giving a specic capacitance over 100 F g À1 . 213 Although more effective surface area of graphene can be obtained by construction of 3D graphene structures, the specic capacitances in previously reported graphene electrodes are still far from the theoretical capacitance of graphene, e.g. 550 F g À1 calculated based on the intrinsic capacitance and theoretical specic surface area of graphene.
214,215
3D porous graphene lms composited with pseudo-capacitive materials that have high theoretical capacitances, such as metal oxides and conducting redox polymers, have been widely explored for improving the supercapacitor performance of 3DGMs. [216] [217] [218] Higher specic capacitance and energy density, better rate capability and longer cycling life have been observed in the composite electrodes. 2 /graphene composite showed a negligible change of capacitance. The enhanced supercapacitor performance of composites is generally attributed to the synergetic effect of graphene and the other components. 216 First, the pseudo-capacitive materials not only contribute pseudo-capacitance to the whole composite electrode, but also act as spacer materials to enlarge the interspace between graphene sheets, resulting in the improved accessibility of electrolyte to the electrode. Second, the interconnected graphene sheets provide electrically conductive channels to the composite, which enables fast charge transport in the composite and preserves the good performance of electrode at a high charge-discharge current density.
Graphene spheres (GS) have a relatively stable structure with high surface area in aqueous solvent. 88, 177 Since GS can be prepared by scalable methods, it makes GS suitable for the construction of supercapacitor electrodes. 39, 44, 180 For example, mesoporous graphene nanoballs (MGBs) are able to be obtained on the gram scale by a CVD method, which showed a high surface area of 508 m 2 g À1 and conductivity of 1.7 S cm
À1
. 44 Aer a subsequent doping process to increase the conductivity of MGB to 6.5 S cm À1 , the p-doped MGB exhibited a specic capacitance of 206 F g À1 at 5 mV s À1 and over 96% retention of the initial capacitance aer 10 000 cycles at a relatively high current density of 20 A g À1 in an electrolyte of 1 mol L À1 H 2 SO 4 .
The excellent performance of p-doped MGB is attributed to the high conductivity of the CVD-produced graphene, and its mesoporous structure with a mean pore size of 4.27 nm, which enables the electrolyte to easily access the inner surface of the MGB. The performance of GS-based supercapacitors has been improved further by the combination of GS with pseudocapacitive materials. capacitance.
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Direct coating of graphene on a 3D substrate followed by the functionalization of graphene with other pseudo-capacitive materials is a convenient and effective way to apply 3D graphene in supercapacitors. 91, 94, 105 For instance, Bao et al. developed a MnO 2 /graphene/textile composite electrode by using the template of 3D porous textile bers. 105 This composite electrode was fabricated through coating textile bers with solutionexfoliated graphene sheets, followed by electrodeposition of pseudocapacitive MnO 2 NPs onto the surface of the graphene/ textile bers. The coated graphene layer not only increased the electrical conductivity of the fabricated electrodes, but also improved the adhesion of the textile bers to the active materials. The composite electrode showed a specic capacitance of $315 F g À1 at a scan rate of 2 mV s À1 . An asymmetrical supercapacitor operated in 0.5 mol L À1 Na 2 SO 4 aqueous electrolyte was also fabricated by using the MnO 2 /graphene/textile and CNT/textile as the positive and negative electrode, respectively. This asymmetrical supercapacitor delivered a power density of 110 kW kg À1 and an energy density of 12.5 W h kg À1 , and also exhibited excellent cycling performance with $95% retention of the initial specic capacitance aer 5000 cycles. Recently, 3DGNs, 37 prepared by a CVD method based on the template of Ni foam, have been demonstrated as a promising material for the fabrication of supercapacitor electrodes. 40 To date, a number of materials have been composited with 3DGNs, and some of the 3DGN-based composites have shown excellent supercapacitor performances. 118, 119, 123, 220, 221 For example, our group used a simple electrochemical deposition method to fabricate a NiO/3DGN composite electrode for supercapacitor, which produced a specic capacitance of 745 F g À1 at a current density of 1.4 A g À1 . 40 The excellent electrical contacts among the active material of NiO, graphene sheets and the current collector of Ni foam allowed rapid charge transfer within this composite. Meanwhile, the porous structure of 3DGNs facilitated the easy accessibility of electrolyte ions to the active materials. An asymmetric supercapacitor was also fabricated by using Ni(OH) 2 /3DGN and a-MEGO as the positive and negative electrodes, respectively. 221 The obtained supercapacitor showed a high power density of 44.0 kW kg À1 in the aqueous electrolyte of 6 mol L À1 KOH, which is much higher than that of commercially available supercapacitors. Moreover, a hierarchical nanostructure, which was composed of 3DGNs coated with two different components, has been successfully prepared by our group and used as a supercapacitor electrode. In the aforementioned work, the Ni 3 S 2 @Ni(OH) 2 /3DGN was obtained through a one-step hydrothermal reaction, in which the crystalline Ni 3 S 2 nanorods coated with Ni(OH) 2 nanosheets were grown on the surface of 3DGNs (Fig. 7a) . 119 The highly crystalline Ni 3 S 2 nanorods that grew perpendicularly to the surface of 3DGNs played an essential role in the supercapacitor performance of the Ni 3 S 2 @Ni(OH) 2 /3DGN composite, which not only served as electrically conductive channels to improve the electron transport performance of coated Ni(OH) 2 sheets, but also increased the contact area of Ni(OH) 2 220 Before the growth of 3DGNs by CVD, the Ni foam template was rst pressed to form a more compact 3D structure, which reduced the pore size and increased the volume density of the synthesized 3DGNs. Importantly, this process also improved the exibility of the 3DGNs. The resultant 3DGN electrodes showed negligible resistance variations under bending with the angle up to 180 (Fig. 7b) 228, 229 have been developed and investigated in this area. FSs were prepared by coating graphene on ber materials to enhance the supercapacitor performance. [230] [231] [232] [233] However, the exibility and performance of those reported FSs still require further improvement.
Graphene bers (GF) have the advantages of exibility, conductivity, large surface area and easy functionalization, giving them great potential for the construction of FS. 234 As a typical example, Qu et al. fabricated an all-solid-state GF supercapacitor, in which two GFs were intertwisted together with H 2 SO 4 -polyvinyl alcohol (PVA) gel as electrolyte (Fig. 7c) . 43 The fabricated GF-based supercapacitors exhibited an areal capacitance of 1.2-1.7 mF cm À2 , and a stable electrochemical performance without an obvious change in capacitance aer bending for 500 cycles (Fig. 7d) . Interestingly, a exible supercapacitor device was fabricated by weaving two GF-based supercapacitors into a textile, which showed negligible variation in the cyclic voltammetry (CV) curves before and aer bending ( Fig. 7e and f) . The functionalization of GFs with active materials is able to improve the energy density of a GF-based supercapacitor. 170, 235 In a recent work, Zhu et al. prepared a MnO 2 -coated GF based on the high electrically conductive CVDgrown graphene lm, which exhibited an areal capacitance of 42 mF cm À2 at 10 mV s À1 with an energy density of 1.46 Â 10
À3
mW h cm À2 . 235 
Conclusions
3D graphene materials (3DGMs) have been proven as promising in a wide area of research interests. Up to now, a number of 3DGMs with different structures and varied functions have been reported. These novel materials not only preserve the intrinsic properties of the individual 2D graphene sheet, but also provide a tremendous opportunity to explore graphene in various practical applications. For example, graphene with a porous 3D macroscopic structure, having high electrical conductivity, large surface area and high mechanical strength, can be used directly or aer decoration with electroactive materials as a supercapacitor electrode. Although lots of strategies on the construction of 3DGMs with specic morphologies have been demonstrated, there are still some challenges. The properties of 3DGMs are related to their structure, but the precise control of pore size and porosity of 3DGMs has not been achieved. Most of the reported 3DGMs showed a wide pore size distribution ranging from a few hundred nanometers to several hundred micrometers. The fabrication of 3D graphene architectures with uniform meso-or micro-pores is still a challenge. There are also few reports on the preparation of freestanding and macroscopic 3DGMs that are composed of a single-layer graphene lm, mostly due to its insufficient mechanical strength. To address these issues, it could be feasible to choose nanoporous graphene sheets including graphene nanomeshes 84, 236, 237 and mesoporous graphene sheets 155, 238, 239 with uniform pore sizes in the graphene, as building blocks, which are then assembled into 3D macroscopic structures. Of course, more efforts and experiments are required to obtain a more controllable and efficient method for the fabrication of 3DGMs for practical applications.
Recently, graphene-like 2D nanosheets, such as transition metal dichalcogenides, [240] [241] [242] [243] [244] [245] [246] [247] [248] have been attracting increasing attention. The future direction will be to assemble these novel 2D materials into 3D macroscopic structures, and investigate their unique properties and various applications. 
Notes and references

